INTRODUCTION {#SEC1}
============

Common enzymatic manipulation of DNA such as transcription, replication, repair and recombination requires the transient separation of DNA strands. Single-stranded DNA (ssDNA) generated during these transactions is vulnerable to attack by nucleases, chemical modification and the binding of inappropriate proteins. Single-stranded DNA binding proteins (SSBs) bind ssDNA with high selectivity and high affinity ([@B1]). Cells utilize SSBs to prevent the formation of secondary structures that interfere with normal maintenance processes and to protect against chemical and enzymatic degradation ([@B2],[@B3]). SSBs serve critical roles in DNA metabolism by actively recruiting specific protein factors and participating in the coordinated assembly of protein--DNA complexes ([@B4],[@B5]). They also stimulate DNA polymerase, helicase and strand exchange activities by facilitating ready access of enzymes to DNA substrates ([@B6],[@B7]).

Mitochondrial DNA (mtDNA) is indispensable for cellular respiration and adenosine triphosphate production because it encodes several protein components that are required for electron transport and oxidative phosphorylation ([@B8]). Consequently, defects in mtDNA replication are a principle cause of severe and heritable metabolic disorders classified as mitochondrial diseases ([@B9],[@B10]). Principle elements of the mtDNA replisome are DNA polymerase γ, the Twinkle mtDNA helicase and mitochondrial SSB (mtSSB) ([@B11]). mtSSB was first discovered in *Xenopus laevis* oocytes ([@B12]), and early work identified mtSSB as a major component of nucleoprotein fibers at displaced single-stranded loops of rat liver mtDNA ([@B13]). Cloning efforts permitted the isolation of *Xenopus*, rat, and human cDNAs encoding mtSSB. Predicted amino acid sequences show significant homology to *Escherichia coli* SSB and *E. coli* F conjugative plasmid SSB ([@B14],[@B15]). The yeast *RIM1* gene encodes mtSSB and is essential for maintenance of mtDNA, as *rim1* null strains cannot grow on non-fermentable carbon sources and quickly become devoid of mtDNA ([@B16]). mtSSB is required for mtDNA replication and development in *Drosophila melanogaster* embryos ([@B17]) and cultured cells ([@B18]). Knockdown of mtSSB expression in cultured human cells reduces mtDNA synthesis and leads to a gradual decrease in mtDNA copy number with a more severe reduction in synthesis of 7S DNA ([@B19]).

The mtSSB is an essential component of the mtDNA replication machinery, and biochemical studies have demonstrated that cognate mtSSB proteins stimulate the activity of human pol γ ([@B20],[@B21]) and *Drosophila* Pol γ ([@B22],[@B23]) *in vitro*. Combining biochemical assays and electron microscopy (EM), a recent study demonstrated more directly that stimulation by mtSSB occurs by organizing the template DNA and eliminating secondary structure to favor ssDNA conformations that facilitate action by Pol γ ([@B24]). Human mtSSB has also been shown to stimulate the 5′-3′ unwinding activity of the Twinkle mtDNA helicase ([@B21],[@B25]). In combination, Pol γ and Twinkle helicase function together on double-stranded DNA substrates to synthesize multi-kilobase DNA products, and addition of mtSSB significantly stimulates this minimal replisome *in vitro* ([@B26]). Also, Mikhailov and Bogenhagen demonstrated that mtSSB stimulates *X. laevis* Pol γ by enhancing processivity of DNA synthesis ([@B27]), similar to stimulation seen by direct interaction of T7 gp2.5 SSB with the T7 gp5 DNA polymerase--thioredoxin--gp4 helicase complex in the highly homologous bacteriophage T7 system ([@B28]). More recently, we demonstrated physical interaction between the C-terminal tail of the human NEIL1 DNA glycosylase and mtSSB *in vitro* in the presence or absence of DNA, which suggests coordinated action of the proteins during base excision repair of mtDNA ([@B29]).

Knowledge of the structure of mtSSB--DNA complexes is crucial to advance our understanding of the role of mtSSB in replication and repair of mtDNA, yet the crystal structure of mtSSB--ssDNA complexes has so far proven elusive. Based on fluorescence quenching data, tetrameric symmetry and the orientation of a positively charged channel on the crystal structure of unbound mtSSB, Kang and co-workers proposed a dynamic equilibrium between five distinct binding modes for ssDNA wrapping around the surface of mtSSB ([@B30]). Oliveira and Kaguni aligned the crystal structures of *E. coli* SSB bound to ssDNA and unbound human mtSSB to create a model of ssDNA bound to the presumptive DNA-binding groove of mtSSB ([@B21]). Both models are highly influenced by the structure of *E. coli* SSB. Recently, Qian and Johnson utilized FRET to assess bending of oligo(dT)~60~ around mtSSB tetramers ([@B31]). We utilized atomic force microscopy (AFM) and the recently developed [D]{.ul}ual-[R]{.ul}esonance-frequency-[E]{.ul}nhanced [E]{.ul}lectrostatic Force [M]{.ul}icroscopy (DREEM) technique ([@B32]) to investigate DNA binding by human mtSSB. We chose direct imaging by single-molecule techniques to eliminate the effects of ensemble averaging possible with bulk biochemical methods and to enable quantification of any structural heterogeneity in mtSSB--ssDNA samples. Uniquely, the DREEM technique simultaneously collects topographic and electrostatic force microscopy images and is capable of revealing distinct conformations in protein--DNA complexes, such as DNA wrapping around histones or the TRFH domain of the telomere binding protein TRF2, DNA passing through the DNA mismatch repair protein hMutSα, and higher order DNA looping at the edge of multi-protein TRF2--DNA complexes ([@B32]). Here, using AFM imaging in air, we observe that mtSSB predominantly exists in tetrameric complexes whether free or bound to DNA. We also find that mtSSB binds ssDNA substrates with limited cooperativity, although very low salt concentrations can infrequently induce the formation of short nucleoprotein filaments. DREEM imaging of mtSSB with various DNA substrates reveals a principle binding mode in which ssDNA wraps once around mtSSB. These results provide new insight into how mtSSB might influence DNA unwinding by Twinkle helicase and mechanisms underlying formation of mtDNA deletions through defective mtDNA replication.

MATERIALS AND METHODS {#SEC2}
=====================

Single-stranded DNA binding proteins {#SEC2-1}
------------------------------------

The human SSBP1 cDNA encoding the mtSSB was overexpressed in *E. coli*, and recombinant human mtSSB was purified to homogeneity as described previously ([@B35]). Recombinant human mtSSB (15.3 kDa monomer form) was dialyzed into a buffer containing 30 mM HEPES-KOH (pH 7.6), 1 mM dithiothreitol, 0.25 mM ethylenediaminetetraacetic acid (EDTA), 0.25% (w/v) myoinositol, 0.01% (v/v) NP-40, 0.1 mM PMSF, 0.25 M KCl and 25% glycerol. Protein was quantified by UV absorbance at 280 nm utilizing an extinction coefficient (19 060 M^−1^cm^−1^ for monomers) calculated from the primary amino acid sequence ([@B36],[@B37]), and stored at −20°C. *Escherichia coli* ssDNA binding protein (SSB) was purchased from Affymetrix.

DNA substrates {#SEC2-2}
--------------

Circular single-stranded M13mp18 DNA (7249 nt) was prepared by overnight infection of *E. coli* XL1 Blue with M13mp18 viral particles at high MOI, followed by purification of viral particles by PEG8000 precipitation and CsCl density gradient centrifugation (average density 1.29 g/ml). Single-stranded M13mp18 DNA was extracted from viral particles with buffered phenol, dialyzed exhaustively and quantified by absorbance at 260 nm ([@B38]). Linear double-stranded DNA containing a 37-nt ssDNA gap was prepared by treating pSCW01 plasmid DNA (duplication of 2030 bp) provided by Peggy Hsieh (NIDDK) ([@B39]) with Nt.BstNBI to introduce four closely spaced nicks in one strand, incubating with complementary oligonucleotides at 68°C for 30 min followed by slow cooling to room temperature, and removing excess unbound oligonucleotides and short duplex DNA using 100K MW Amicon Ultra filtration columns ([@B39],[@B40]). Gapped circular DNA was linearized by restriction with ScaI, which positioned the 37-nt ssDNA gap 470 nt (23%, ∼160 nm assuming 0.34 nm/bp) from one end of the blunt-ended linear DNA fragment. Diagnostic restriction digestion of the gapped region indicated typical DNA gapping efficiencies of 85 to 95% ([@B41]). Circular double-stranded plasmid DNA containing a strand-specific 407-nt single-stranded gap was generated as described previously ([@B42]). Briefly, replicative form M13mp2 DNA was digested with PvuII restriction endonuclease, and gapped molecules were prepared by mixing single-stranded M13mp2 viral DNA (+ strand, 7196 nt) with the large PvuII fragment (6789 nt), followed by hybridization at 70°C.

Oligonucleotide substrates {#SEC2-3}
--------------------------

DNA substrates utilized to assess DNA binding affinity were constructed from synthetic oligonucleotides. Two 40-nt oligomers D1 (5′- ATGCTAGCTTGGCTGTGACTTTAAACCTGTCGTGCCAGCT -3′) and D2 (5′- AGCTGGCACGACAGGTTTAAAGTCACAGCCAAGCTAGCAT -3′) were obtained from Oligos Etc. (Wilsonville, OR, USA) and were quantified by absorbance at 260 nm. An internally modified version of D1 with fluorescein covalently attached to the thymine at position 21 (D1-F) was purchased from Sigma-Aldrich. The concentration of D1-F was determined spectrophotometrically at 260 nm and adjusted slightly downward to compensate for intrinsic absorbance of fluorescein at 260 nm ([@B43]). D1-F was utilized directly as an ssDNA substrate, whereas D1-F hybridized to the fully complementary oligonucleotide D2 served as the double-stranded DNA substrate. A 90-nt oligomer (5′- TAA TGC TAT CAC TAT TCG TAG ACT TGA CCA CAC CTT GTC AGC TCA CGC TCC AAA TGA AAG TAT AGC TAA ACA GGT TAT TGA CCA TAT GCA -3′) was obtained from Integrated DNA Technologies (IDT) and used as a ssDNA substrate for DREEM imaging. The same oligonucleotide bearing a 5-fluorescein adduct on the 5′-terminal thymine was utilized to assess DNA binding affinity by fluorescence anisotropy.

DNA binding assessed by fluorescence anisotropy {#SEC2-4}
-----------------------------------------------

Fluorescent substrates were hybridized in a solution containing 10 mM Tris--HCl (pH 7.5), 50 mM NaCl, 0.1 mM EDTA and 10 μM each of the indicated oligonucleotides by heating to 85°C followed by slow cooling to room temperature. Immediately prior to use, the substrates were warmed to 42°C for 5 min and held at room temperature. Steady state fluorescence anisotropy was measured with an Olis RSM1000 spectrofluorometer (Bogart, GA) equipped with a 1.24 mm slit and a temperature-controlled cell set to 20°C. Incident light at the 480 nm excitation wavelength was horizontally plane polarized, and a photoelectric modulator was utilized to simultaneously measure horizontally and vertically plane-polarized fluorescence at 530 nm with a gated photon counting detector. Binding mixtures (0.2 ml) contained 30 mM HEPES-KOH (pH 7.5), 1 mM 2-mercaptoethanol, 5 mM MgCl~2~, 0.01% NP-40, 50 mM NaCl and a 20 nM concentration of the specified fluorescein-conjugated oligonucleotide substrate. Intrinsic fluorescence of buffer components was undetectable at wavelengths relevant to fluorescein. Changes in fluorescence polarization were measured in response to the step-wise addition of purified mtSSB or *E. coli* SSB. Following a 1 min equilibration period after each addition, anisotropy data were collected in triplicate with a 10 s integration time. Changes in anisotropy were plotted against the total concentration of SSB, expressed as tetramers. To correct for the ligand depletion effect caused by non-trivial concentrations of protein--DNA complex relative to the total protein concentration, binding isotherms were fit to a quadratic equation by non-linear regression analysis to calculate apparent *K*~d~(DNA) values ([@B44]). DNA binding cooperativity was estimated empirically from Hill plots ([@B45]).

Differential scanning fluorimetry {#SEC2-5}
---------------------------------

Protein stability was assessed by differential scanning fluorimetry with an Olis RSM1000 spectrofluorometer (Bogart, GA, USA) equipped with a gated photon counting detector and a temperature-controlled sample cuvette. Samples (0.2 ml) containing 30 mM HEPES-KOH (pH 7.5), 1 mM 2-mercaptoethanol, 50 mM NaCl, 4× SYPRO Orange (Molecular Probes) and 5.0 μM mtSSB (expressed as tetramers) were heated from 16°C to 92°C. SYPRO Orange fluorescence was measured with 470 nm excitation and 574 nm emission wavelengths, and fluorescence intensity was measured in quadruplicate with a 1 s integration time at 2°C increments. Progressive exposure of hydrophobic protein surfaces during thermal denaturation increases binding and fluorescence of the dye ([@B46],[@B47]), and the thermal unfolding transition midpoint (*T*~m~) was identified from the first derivative of the fluorescence signal as a function of temperature. Protein stability was also assessed by capillary-based differential scanning fluorimetry (Prometheus NT.48 instrument, NanoTemper Technologies). Changes in tryptophan fluorescence upon heating were monitored at 3 s intervals at 330 nm, and the thermal unfolding *T*~m~ was determined as before.

AFM sample preparation {#SEC2-6}
----------------------

To image free mtSSB (8.4 nM tetramers, 61.3 kDa), protein samples were diluted in Incubation Buffer containing 20 mM HEPES (pH 7.5) and 100 mM NaCl and were deposited onto a freshly cleaved mica surface. To assess DNA binding by mtSSB, the protein was first incubated with 3.6 nM M13mp18 ssDNA at various protein/DNA ratios (*R* = 2, 5, 10 and 20 mtSSB tetramer/DNA) at 37°C for 10 min in Incubation Buffer. Linear double-stranded DNA containing a 37-nt ssDNA gap (3.6 nM) or circular double-stranded DNA containing a 407-nt ssDNA gap (0.12 nM) was incubated with mtSSB (14.3 or 8.4 nM tetramers, respectively) under the same conditions. Single-stranded 90-nt oligonucleotides (159 nM) were incubated with mtSSB (80 nM) or *E. coli* SSB (80 nM) under the same conditions. All protein--DNA samples were diluted in AFM Imaging Buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM Mg(OAc)~2~ and deposited onto a freshly cleaved mica surface. The mica surface was washed with deionized water followed by further drying with streams of nitrogen gas prior to imaging.

AFM and DREEM imaging and image analysis {#SEC2-7}
----------------------------------------

AFM imaging in air was done using the AC mode on a MFP-3D-Bio AFM (Asylum Research) and Pointprobe^®^ PPP-FMR cantilevers (Nanosensors, spring constants at ∼2.8 N/m). All images were captured at a scan rate of 1--2 Hz and a resolution of 512 × 512 pixels. DREEM images were collected as described previously ([@B32],[@B48]). Briefly, the AFM cantilever and the bottom of the mica substrate were coated with a thin layer of colloidal liquid silver (Ted Pella Inc.). A function generator (Sanford Research System, model DS335) was used to generate the AC bias at the first overtone and DC bias that were applied between the AFM cantilever and mica substrate. A lock-in-amplifier (Sanford Research System, model SR844 RF) was used to monitor the changes in vibration amplitude and phase at the first overtone as a function of sample positions. To optimize DREEM signals, AC and DC bias were adjusted from 0 to 20 V and −1.5 to 1.5 V, respectively. AFM volumes (mean ± standard deviation) of mtSSB alone and mtSSB--DNA complexes were measured using Gwyddion software. The types of AFM cantilevers and imaging conditions in this study matched our previous experiments relating molecular weight and AFM volume of proteins ([@B34]).

RESULTS {#SEC3}
=======

Conformation and stability of human mtSSB {#SEC3-1}
-----------------------------------------

The purification, purity and native conformation of recombinant human mtSSB was determined previously ([@B35]). Equilibrium sedimentation analysis in an Optima XL-A analytical ultracentrifuge yielded radial absorbance profiles at 280 nm that fit very well to a model of a single species with a molecular weight of 62 600 ± 1760 Da. Monomer and dimer forms were undetectable at protein concentrations from 11 to 32 μM mtSSB (monomer), permitting estimation of a subunit dissociation constant \<10^−8^ M. As the predicted molecular weight of recombinant mtSSB is 15 316 Da, the measured value indicates that recombinant human mtSSB is a tetramer in solution ([@B35]), as observed previously for native and recombinant forms of mtSSB from *X. laevis* ([@B27],[@B49]), *D. melanogaster* ([@B50]) and humans ([@B37]).

The stability of mtSSB was assessed by differential scanning fluorimetry ('Materials and Methods' section). Samples of mtSSB were mixed with the hydrophobic fluorescent probe SYPRO Orange, and thermal denaturation of the protein was gauged by monitoring fluorescence intensity as the mixture was heated from 16°C to 92°C ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The thermal unfolding profiles exhibited single, distinct transitions with an average *T*~m~ of 72.5 ± 1.1°C. Protein stability in the absence of dye was judged by changes in tryptophan fluorescence upon heating from 20°C to 95°C ('Materials and Methods' section), and mtSSB again exhibited a single, narrow transition with a *T*~m~ of 74.1°C. The abrupt denaturation of mtSSB indicates a uniform population of molecules, and a moderately high *T*~m~ suggests human mtSSB occupies a thermally stable conformation in solution. Murine mtSSB has also been shown to exhibit remarkable thermal stability, and previous experiments demonstrated that temperatures \>60°C were needed to disrupt the non-covalent association of wild-type mtSSB monomers and that tetramer disassociation likely preceded denaturation of individual mtSSB monomers ([@B51]).

Human mtSSB was also assessed by direct imaging using AFM imaging in air. Samples of mtSSB protein (8.4 nM tetramer) were applied to freshly cleaved mica surfaces ('Materials and Methods' section). A nearly uniform field of particles is readily apparent (Figure [1A](#F1){ref-type="fig"}), and estimating the AFM volume of individual mtSSB complexes reveals a Gaussian distribution centered at 73.2 (±31.4) nm^3^ (Figure [1B](#F1){ref-type="fig"}). Based on the standard calibration curve (*V* = 1.45 MW -- 21.59) that linearly correlates AFM volumes (V) of globular proteins with their molecular weights (MW) ([@B34]), the AFM volume of mtSSB corresponds to a protein complex with a molecular weight of ∼65 kDa. Consistent with previous studies employing ultracentrifugation, EM and X-ray crystallography ([@B30]), our AFM measurements directly demonstrate that free human mtSSB exists as tetramers in solution.

![AFM volume measurement shows the formation of mtSSB tetramers. (**A**) A representative AFM topography image of mtSSB (8.4 nM) on a mica surface obtained using the AC imaging mode, as described in 'Materials and Methods' section. (**B**) AFM volume distribution (*N* = 118) of the human mtSSB protein fit with a Gaussian function (red line, *R*^2^ = 0.95) with a peak centered at 73.2 (±31.4) nm^3^.](gky875fig1){#F1}

DNA binding affinity of recombinant human mtSSB {#SEC3-2}
-----------------------------------------------

Electrophoretic Mobility Shift Assay (EMSA)analysis demonstrated that *X. laevis* mtSSB (*XI*-SSB) could efficiently bind DNA oligonucleotides as short as dT~32~ and that dT~68~ could accommodate binding of two *Xl*-SSB tetramers ([@B27]). Accordingly, we utilized fluorescence polarization methods to quantify the binding affinity of human mtSSB to various DNA substrates with free and bound species at equilibrium in solution ('Materials and Methods' section). Fluorescein-labeled single-stranded or double-stranded DNA substrates were mixed with increasing concentrations of mtSSB, and formation of protein--DNA complexes was monitored by the increase in fluorescence anisotropy ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Plotted isotherms were fit to the quadratic binding equation to estimate equilibrium binding constants. Human mtSSB tetramers exhibited a *K*~d(ssDNA)~ of 1.8 ± 0.9 nM on the 40-nt ssDNA substrate, and binding to the double-stranded DNA substrate was undetectable. As expected, mtSSB tetramers displayed preferential, high-affinity binding to ssDNA, consistent with the binding specificity of the *D. melanogaster* mtSSB ([@B50],[@B52]). Comparable binding affinities of *D. melanogaster* mtSSB (*K*~d~ = 1.7 ± 0.06 nM) and human mtSSB (*K*~d~ = 2.3 ± 0.07 nM) for a 40 base oligonucleotide were determined by EMSA in the presence of 30 mM KCl ([@B24]). Also, the binding affinity of human mtSSB (*K*~d~ = 3.8 nM) for a 48 base oligonucleotide was determined by EMSA in the presence of 4 mM MgCl~2~ and 50 mM NaCl ([@B21]). The binding affinities of *E. coli* SSB for oligo(dT)~16~ (*K*~d~ = 1.67 μM) and oligo(dT)~30--40~ (*K*~d~ ≤ 2.0 nM) were determined by fluorescence methods ([@B53]).

To minimize the influences of different methods, solution conditions, DNA lengths and base compositions on binding affinity, we determined binding affinities of human mtSSB and *E. coli* SSB for a 90-nt ssDNA substrate under identical conditions. In the presence of 5 mM MgCl~2~ and 50 mM NaCl, human mtSSB had a *K*~d(ssDNA)~ of 14.7 ± 0.5 nM with this oligonucleotide (Figure [2A](#F2){ref-type="fig"}), whereas *E. coli* SSB also exhibited high-affinity binding with a *K*~d(ssDNA)~ of 25.4 ± 1.3 nM (Figure [2B](#F2){ref-type="fig"}). The non-random distribution of residual values for both mtSSB and *E. coli* SSB showed deviation from a simple model for equilibrium binding. We replotted binding values in Hill plots (Figure [2C](#F2){ref-type="fig"}) to assess whether cooperative DNA binding was contributing to this apparent non-ideality. Linear curve fitting generated Hill coefficients of 2.00 for mtSSB and 1.84 for *E. coli* SSB, indicating that multiple SSB tetramers were binding to some of the 90-nt ssDNA molecules. Because our solution conditions favor an average occluded binding site size of ∼60 nt ([@B31],[@B37]), this mathematical analysis cannot distinguish limited cooperative binding from multiple independent binding events on a given oligonucleotide. Also, we note that equations used to estimate cooperativity in bulk mixtures assume that binding is both reversible and at equilibrium, which may not always be the case for SSBs. Accordingly, we turned to single-molecule imaging techniques to further examine the modes of mtSSB binding to various DNA substrates.

![DNA binding affinity of mtSSB and *Escherichia coli* SSB. Changes in fluorescence anisotropy of a fluorescein-conjugated 90-nt oligonucleotide substrate were measured in response to the step-wise addition of (**A**) mtSSB or (**B**) *E. coli* SSB proteins, as described in 'Materials and Methods' section. Binding buffer contained 30 mM HEPES-KOH (pH 7.5), 1 mM 2-mercaptoethanol, 5 mM MgCl~2~, 0.01% NP-40, 50 mM NaCl, 20 nM oligonucleotide and the indicated amounts of proteins. Protein concentrations are expressed as tetramers. Error bars are standard deviations of triplicate determinations. (**C**) DNA binding cooperativity was estimated by replotting binding data for mtSSB (blue circles) and *E. coli* SSB (red squares) as a Hill plot.](gky875fig2){#F2}

mtSSB binds ssDNA with limited cooperativity {#SEC3-3}
--------------------------------------------

Earliest observations of protein--mtDNA complexes isolated from rat liver mitochondria first identified mtSSB, and electron micrographs of glutaraldehyde crosslinked complexes revealed 'nucleoprotein fibers' within displacement loops of rat liver mtDNA ([@B13]). Restriction analysis localized 80% of nucleoprotein fibers to D-loops and expanded D-loops ([@B13]), consistent with early EM studies of mtDNA replication intermediates in mouse L cells ([@B54]). In contrast, electron micrographs from later experiments showed a near random distribution of purified recombinant mtSSB tetramers bound to individual poly(dT) strands, suggesting low cooperativity when binding multiple mtSSB tetramers at 300 mM NaCl ([@B37]). To understand the factors affecting these apparent differences in binding cooperativity, we bound human mtSSB to single-stranded circular M13mp18 DNA (7249 nt) without chemical crosslinking and directly visualized protein--DNA complexes using AFM (see 'Materials and Methods' section). Naked M13mp18 DNA in AFM Imaging Buffer containing 100 mM NaCl is sufficiently mobile to adopt dynamic conformations, and individual DNA molecules with regions containing secondary structures are clearly distinguishable on the mica surface (Figure [3A](#F3){ref-type="fig"}). Binding of mtSSB to M13mp18 DNA at low stoichiometric ratios resulted in a random distribution of mtSSB molecules along the DNA (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). The AFM heights for single-stranded M13mp18 DNA alone (including regions with limited secondary structure) is 0.70 (±0.34) nm (*N* = 100), and mtSSB bound to M13mp18 DNA is unambiguously identified by a distinct AFM height of 2.41 (±0.56) nm (*N* = 100, [Supplementary Figure S3a](#sup1){ref-type="supplementary-material"}). The AFM volume distribution of mtSSB bound to ssDNA peaked at 137.5 (±42.6) nm^3^ ([Supplementary Figure S3b](#sup1){ref-type="supplementary-material"}), which is greater than the volume of free mtSSB tetramers in solution (73.2 ± 31.4 nm^3^, Figure [1B](#F1){ref-type="fig"}) due to inclusion of ssDNA. Higher mtSSB protein/DNA ratios proportionately increased the density of bound mtSSB molecules, yet complexes remained distinct and did not form the nucleoprotein tracts that are a hallmark of cooperative DNA binding (Figure [3D](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}). Although regions of ssDNA between mtSSB--ssDNA complexes were not resolved in the electron micrographs of a previous study ([@B37]), AFM imaging clearly shows DNA between individually bound mtSSB complexes (Figure [3](#F3){ref-type="fig"}). In fact, correlating AFM topography, amplitude and phase data channels permitted us to quantify the volume and number of mtSSB complexes interacting with each single-stranded M13mp18 DNA molecule ([Supplementary Figure S3c and d](#sup1){ref-type="supplementary-material"}).

![MtSSB binding to ssDNA is not cooperative. AFM topographic images were collected for (**A**) circular single-stranded M13mp18 DNA (7249 nt), and (**B**--**E**) mtSSB bound to single-stranded M13mp18 DNA at stoichiometric ratios (R = mtSSB tetramer/M13mp18 DNA) of (B) *R* = 2, (C) *R* = 5, (D) *R* = 10 or (E) *R* = 20. X-Y scale bar = 50 nm. Samples were incubated in Incubation Buffer containing 20 mM HEPES (pH 7.5) and 100 mM NaCl at 37°C for 10 min and imaged in AFM Imaging Buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM Mg(OAc)~2~ as described in 'Materials and Methods' section.](gky875fig3){#F3}

DNA binding by *E. coli* SSB has been extensively characterized. *Escherichia coli* SSB has been shown to bind ssDNA with unlimited cooperativity at low (\<20 mM NaCl) salt concentrations and with limited cooperativity at higher (\>100 mM NaCl) salt concentrations ([@B55],[@B56]). When we assessed binding of *E. coli* SSB to M13mp18 DNA by AFM in imaging buffer containing 100 mM NaCl, *E. coli* SSB-M13 DNA complexes were divided into two populations. The majority of *E. coli* SSB tetramers were bound in a distributed fashion (Figure [4](#F4){ref-type="fig"}), as expected for this buffer and binding density (10 SSB tetramers/M13mp18 DNA). However, single-molecule imaging also allowed us to detect nucleoprotein filaments in 3.3% (*N* = 582) of protein--DNA complexes. In some cases, *E. coli* SSB coated the entire length of M13mp18 DNA molecules when unbound DNA molecules were present in the same image (Figure [4](#F4){ref-type="fig"}), which was an indication of highly cooperative binding in a fraction of *E. coli* SSB--M13mp18 DNA complexes. Our results are comparable to previous experiments that utilized much higher ratios of *E. coli* SSB/DNA and documented highly cooperative DNA binding as assessed by EM ([@B57]) and by AFM ([@B58],[@B59]). We also determined the binding mode of mtSSB and *E. coli* SSB to M13mp18 DNA under low salt conditions. In imaging buffer containing 20 mM NaCl, mtSSB continued to exhibit distributed binding to single-stranded M13mp18 DNA, although at this reduced salt concentration 3.0% (*N* = 470) of the mtSSB--DNA complexes appeared as nucleoprotein filaments ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). In comparison, nucleoprotein filaments were present in 8.9% (*N* = 751) of *E. coli* SSB-M13mp18 DNA complexes formed under identical conditions ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Thus, reducing the salt concentration to 20 mM NaCl increased the incidence of nucleoprotein filaments for both proteins. Although the measured AFM heights of mtSSB-M13 DNA filaments and *E. coli* SSB-M13 DNA filaments are essentially the same, the lengths of *E. coli* SSB-M13 DNA filaments are more broadly distributed and have an average length (128.8 ± 52.5 nm, *N* = 67) notably greater than those formed by mtSSB (91.7 ± 36.3 nm, *N* = 20) at 20 mM NaCl ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). The specific structural features of mtSSB that favor formation of short filaments only at low salt concentrations are unclear. However, the variable prevalence and length of nucleoprotein filaments for mtSSB and *E. coli* SSB implies the decrease in salt concentration needed to trigger cooperative DNA binding may differ for the two proteins. Taken together, our observations suggest that compared to *E. coli* SSB, mtSSB displays more limited cooperativity for binding ssDNA, especially at physiological salt concentrations.

![AFM images of *Escherichia coli* SSB bound to single-stranded M13mp18 DNA. AFM topographic images were collected for *E. coli* SSB (8.4 nM) interacting with circular single-stranded M13mp18 DNA (7249 nt) at a stoichiometric ratio of 10 *E. coli* SSB tetramers/M13mp18 DNA. Samples were incubated in Incubation Buffer containing 20 mM HEPES (pH 7.5) and 100 mM NaCl at 37°C for 10 min and imaged in AFM Imaging Buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM Mg(OAc)~2~ as described in 'Materials and Methods' section. X-Y scale bar = 200 nm.](gky875fig4){#F4}

mtSSB tetramer binding to ssDNA gaps induces DNA shortening {#SEC3-4}
-----------------------------------------------------------

The apparent low cooperativity of DNA binding by mtSSB prompted us to suspect other fundamental differences in DNA binding between mtSSB and *E. coli* SSB. Binding to poly(dT) quenches the intrinsic tryptophan fluorescence of human mtSSB tetramers, and titration experiments indicated an average occluded binding site size of 50--70 nt at salt concentrations between 0.05--2.0 M NaCl. Modeling based on stopped-flow kinetics was consistent with an initial binding site length of ≤15 nt with rapid reshuffling to an equilibrium binding site size of 60 nt ([@B37]). Other studies employing fluorescence quenching suggested that *Drosophila* mtSSB binds ssDNA longer than 17 nt under low salt conditions, and EMSA competition analyses suggested a binding site of 25--32 nt in length ([@B50]). EMSA analysis demonstrated that *X. laevis* mtSSB could efficiently bind DNA homopolymers and oligomers as short as dT~32~ ([@B27]). Qian and Johnson extended these fluorescence titrations to reveal occluded site sizes on poly(dT) in the presence of 10 mM MgCl~2~ of ∼28 nt at 20 mM NaCl and ∼60 nt at \>200 mM NaCl. Binding kinetics at physiological salt concentrations identified a transient site size of 30 nt that rapidly transitions to a more fully wrapped mode with an equilibrium binding site size of 60 nt ([@B31]). These previous bulk biochemical assessments yielded a broad range for the size of the DNA binding site for mtSSB, possibly due to DNA sequence differences in the chosen substrates or the averaging of specific and non-specific DNA binding events ([@B60]). Accordingly, we employed AFM to visualize directly mtSSB bound to specific DNA substrates with defined regions of ssDNA. We generated a linear DNA substrate containing a site-specific 37-nt ssDNA gap flanked by double-stranded DNA arms (Figure [5A](#F5){ref-type="fig"}). AFM analysis shows that mtSSB predominantly binds at a position 22.6% (±4.6%) from one blunt end of the linear, gapped 2030 bp DNA substrate, which corresponds to the position of the ssDNA gap (∼23%, Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). Analysis of the fractional occupancies ([@B60]) of mtSSB on the DNA containing the 37-nt gap reveals that mtSSB displays a high binding specificity (S = *K*~SP~/*K*~NSP~ = 1.45 × 10^4^) for the ssDNA gap. The calculated AFM volume of mtSSB particles bound to ssDNA in the gapped region was 113.8 (±86.9) nm^3^ (Figure [5D](#F5){ref-type="fig"}), which is slightly smaller than what was observed on single-stranded M13mp18 DNA (137.5 ± 42.6 nm^3^, [Supplementary Figure S3b](#sup1){ref-type="supplementary-material"}). The AFM volume of the ssDNA in the 37-nt gapped region was estimated to be ∼45 nm^3^, assuming AFM height of 0.35 nm, width of 7 nm and length of 18.5 nm (0.5 nm/nt). Subtracting these values predicts the AFM volume of the protein component of mtSSB--ssDNA complexes is ∼68 nm^3^, which correlates well with the AFM volume of individual mtSSB tetramers (73.2 ± 31.4 nm^3^; Figure [1B](#F1){ref-type="fig"}). Strikingly, the binding of mtSSB tetramers to the ssDNA gap significantly shortens the contour length of linear gapped DNA (Figure [5E](#F5){ref-type="fig"}). Ungapped linear plasmid DNA (2030 bp) in our AFM images has a contour length of 671.0 (±26.4) nm. Gapped linear DNA has a slightly shorter contour length of 663.8 (±19.4) nm, suggesting limited folding or compaction of ssDNA within the gapped region. Upon binding mtSSB, the contour length of the linear gapped DNA was shortened further to 650.8 (±15.7) nm (Figure [5E](#F5){ref-type="fig"}). In a previous AFM study of UvrB, the shortening of DNA contour length upon binding to protein was attributed to DNA wrapping around the protein ([@B61]). Assuming that fully extended ssDNA has a step size of 0.5 nm per base ([@B62]), a similar analysis of ssDNA wrapping around mtSSB predicts that the observed ∼20 nm shortening of DNA contour length corresponds to ∼40 nt of ssDNA wrapping around one mtSSB tetramer. Taken together, direct AFM imaging of mtSSB--ssDNA complexes strongly supports the notion that DNA contour length shortens upon binding mtSSB due to ssDNA wrapping around mtSSB tetramers.

![Binding of mtSSB tetramers to ssDNA gap shortens DNA lengths. (**A**) Cartoon representation of the process used to generate the circular and linear DNA substrate containing a 37-nt ssDNA gap, as described in 'Materials and Methods' section. Two inserts show AFM images of circular and linearized gapped DNA. X-Y scale bars = 100 nm. Circular plasmid DNA (4060 bp) contains a head-to-tail duplication, and digestion with Sca1 generates linear DNA fragments (2030 bp). (**B**) AFM images of mtSSB bound to linear gapped DNA. X-Y Scale bars = 50 nm. (**C**) The position distribution of mtSSB (*N* = 113) binding on the linear-gapped DNA was fit with a Gaussian function (red line, *R*^2^ = 0.92), which is centered 22.6% (±4.6%) from the closer DNA end. (**D**) AFM volumes of mtSSB bound to the linear DNA substrate containing a 37-nt ssDNA gap (*N* = 112). The data were fit to a Gaussian function (red line, *R*^2^ = 0.91) centered at 113.8 (±86.9) nm^3^. (**E**) Lengths of linear DNA without treatment, after gapping procedures, and upon binding mtSSB. The data were fit to Gaussian functions (*R*^2^ \> 0.91) with peaks centered at 671.0 (±26.4) nm for non-gapped DNA alone (blue), 663.8 (±19.4) nm for gapped DNA alone (gray), and 650.8 (±15.7) nm for gapped DNA bound with mtSSB (red). All the samples were incubated in Incubation Buffer containing 20 mM HEPES (pH 7.5) and 100 mM NaCl and imaged in AFM Imaging Buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM Mg(OAc)~2~ as described in 'Materials and Methods' section.](gky875fig5){#F5}

DREEM imaging directly reveals the DNA path wrapping around mtSSB {#SEC3-5}
-----------------------------------------------------------------

Based on the crystal structure of human mtSSB, Kang and co-workers noted four distinct positively charged patches forming a channel flanked by β-hairpin loops on the surface of the mtSSB tetramer, leading them to propose five distinct mtSSB DNA binding modes in a dynamic equilibrium ([@B30]). To determine the population distribution of different DNA binding modes, we examined the conformation in mtSSB--ssDNA complexes at the single-molecule level. We applied a recently developed AFM imaging technique, DREEM, to monitor the surface electric potential difference across mtSSB--DNA complexes. Topographic and DREEM images are obtained simultaneously by mechanically vibrating the AFM cantilever near the fundamental resonance (ω~1~), while applying a static voltage (V~DC~) and a modulated bias voltage (V~AC~ at the first overtone ω~2~) between the AFM cantilever and mica substrate. In DREEM imaging, both free proteins and DNA show a decrease in phase compared to the mica surface, but proteins show a greater contrast than DNA, which permits the identification of DNA paths in protein--DNA complexes ([@B32],[@B48]).

The mtSSB--DNA complexes in DREEM phase images show dark regions corresponding to proteins and regions with decreased signal intensity corresponding to DNA (Figure [6A](#F6){ref-type="fig"}). DREEM amplitude images have contrast reversed and show the same features. DREEM images are reproducible at different scan angles, in trace and re-trace and through multiple scans. Tracing signal intensity identifies the path of DNA in mtSSB--ssDNA complexes, and the majority (92.5%, *N* = 40) of mtSSB-DNA complexes on the linear gapped DNA display a single DNA binding mode with only one DNA strand wrapping around a mtSSB tetramer. Cartoon models depicting ssDNA wrapping around a mtSSB tetramer are presented (Figure [6A](#F6){ref-type="fig"}). Importantly, the mtSSB--DNA complexes imaged using DREEM bound to a region centered 160.4 (±11.6) nm away from the DNA end (Figure [6B](#F6){ref-type="fig"}), consistent with the location of the 37-nt ssDNA gap on the linear DNA (Figure [5A](#F5){ref-type="fig"}). In contrast, recent DREEM images of ssDNA bound to nucleosomes clearly show a population of complexes with two ssDNA strands wrapping around histone octamers ([@B48]). Comparing images of ssDNA bound to mtSSB or to nucleosomes under the same DREEM imaging conditions supports our finding that DNA wraps mtSSB with one turn at the 37-nt ssDNA gap.

![DREEM imaging of mtSSB on a linear DNA fragment containing a 37-nt ssDNA gap. (**A**) AFM topography (left panels), DREEM phase (middle panels) and DREEM amplitude (right panels) images of mtSSB interacting with the linear DNA substrate containing a 37-nt ssDNA gap. X-Y scale bar = 20 nm. The respective volumes of mtSSB--ssDNA complexes were measured as 147 nm^3^ (top row), 192 nm^3^ (second row) and 145 nm^3^ (third row). DREEM-based cartoon models of mtSSB--DNA complexes depict mtSSB in red, the 37-nt ssDNA gap in green and flanking dsDNA arms in blue. In DREEM phase images, proteins and DNA show negative signals relative to the mica surface, but the proteins produce greater contrast (darker regions) compared to the DNA. (**B**) The distribution of distances between mtSSB and the closer DNA end in DREEM images. The data were fit to a Gaussian function (red line, *R*^2^ = 0.77) centered at 160.4 ± 11.6 nm (*N* = 42). The ssDNA gap is located 470 bp (23%) from one end of the DNA fragment (2030 bp). All the samples were incubated in Incubation Buffer containing 20 mM HEPES (pH 7.5) and 100 mM NaCl at 37°C for 10 min and imaged in AFM Imaging Buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM Mg(OAc)~2~, as described in 'Materials and Methods' section.](gky875fig6){#F6}

To test the possibility that the short length of the 37-nt gap may limit DNA wrapping to one turn, we also assessed binding of mtSSB to a circular double-stranded plasmid DNA containing a strand-specific 407-nt ssDNA gap (Figure [7A](#F7){ref-type="fig"}). AFM imaging revealed that binding by mtSSB was restricted to a single location on the gapped circular DNA (Figure [7B](#F7){ref-type="fig"}). As anticipated, the majority (92%, *N* = 12) of mtSSB--DNA complexes on the gapped circular DNA displayed only one DNA strand wrapping around mtSSB protein in DREEM images (Figure [7C](#F7){ref-type="fig"}). However, the AFM volumes of mtSSB--DNA complexes were notably larger with the 407-nt-gapped DNA substrate (Figure [7C](#F7){ref-type="fig"}) than were observed with the 37-nt-gapped DNA substrate (Figure [6](#F6){ref-type="fig"}). Potential sources of additional AFM volume include the binding of longer ssDNA segments to each mtSSB tetramer and the binding of multiple mtSSB tetramers to each DNA molecule. Although the binding of additional ssDNA seems likely for some of the mtSSB--DNA complexes, we discount the more intricate winding paths for ssDNA on the surface of mtSSB proposed by Kang ([@B30]), because the multiple DNA wrappings needed to accommodate these models were not directly observed in DREEM images (Figure [7C](#F7){ref-type="fig"}). Binding mixtures for this substrate were assembled with a higher protein/DNA ratio to enable visualization of multiple individual mtSSB--DNA complexes within the same gapped region (see 'Materials and Methods' section), which could have increased the binding density of mtSSB. Because discrete mtSSB tetramers were not resolved in all images of mtSSB--DNA complexes, we cannot discount the possibility of two mtSSB tetramers binding within a single 407-nt ssDNA gap.

![AFM and DREEM imaging of mtSSB on a circular DNA substrate containing a 407-nt ssDNA gap. AFM topography images of circular plasmid DNA containing a 407-nt ssDNA gap in the (**A**) absence and (**B**) presence of mtSSB (white arrows). X-Y scale bar = 100 nm. (**C**) AFM topography (left panels), DREEM phase (middle panels) and DREEM amplitude (right panels) images of mtSSB interacting with circular DNA containing a 407-nt ssDNA gap. The volume of mtSSB on DNA with a 407-nt ssDNA gap was measured as 246 nm^3^ (top left panels), 466 nm^3^ (bottom left panels) and 368 nm^3^ (right panel). X-Y scale bar = 20 nm. Samples were prepared for AFM and DREEM in Incubation Buffer containing 20 mM HEPES (pH 7.5) and 100 mM NaCl at 37°C for 10 min and imaged in AFM Imaging Buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM Mg(OAc)~2~ as described in 'Materials and Methods' section.](gky875fig7){#F7}

To resolve this ambiguity, we utilized DREEM imaging to assess binding and wrapping of ssDNA with an intermediate length by mtSSB and *E. coli* SSB. When mtSSB was incubated with a defined 90-nt oligonucleotide under identical solution conditions, the predominant configuration of mtSSB--DNA complexes (85%, *N* = 59) showed one strand of ssDNA wrapping around the mtSSB tetramer (Figure [8A](#F8){ref-type="fig"}), whereas a small subpopulation of mtSSB--DNA complexes (15%) showed two strands of ssDNA wrapping around the protein (Figure [8B](#F8){ref-type="fig"}). Instances of two mtSSB tetramers binding to a single 90-nt oligomer were not detected at this binding density (0.5 mtSSB/90mer), although other investigators have observed double binding of mtSSB to oligo(dT)~60~ by EMSA with super-stoichiometric binding densities and similar solution conditions ([@B31]). DREEM imaging also revealed mixed modes for wrapping the 90-nt oligonucleotide around the *E. coli* SSB. Only 35% of *E. coli* SSB--DNA complexes (*N* = 60) displayed one strand of ssDNA wrapping around the *E. coli* SSB tetramer (Figure [9A](#F9){ref-type="fig"}), whereas 65% of complexes showed two strands of ssDNA wrapping around the protein (Figure [9B](#F9){ref-type="fig"}). Complexes with multiple *E. coli* SSB tetramers bound to a single 90-nt oligomer were not detected. The presence of a mixed population of wrapping modes for protein--DNA complexes is not surprising. For example, crystallography shows that nucleosome core particles are wrapped by 1.67 left-handed superhelical turns of 147 bp of dsDNA ([@B63],[@B64]), and DREEM images reveal either one or two bound strands of double-stranded DNA, depending on the orientation of the nucleosomes on the mica surface ([@B32],[@B48]). ssDNA also wraps around recombinant histone octamers in two populations with either one or two strands of ssDNA visible in DREEM images ([@B48]). The distribution of mtSSB--DNA and *E. coli* SSB--DNA complexes into single- and double-wrapped populations may be influenced by incidental structural factors, such as the acidic C-terminal tail of *E. coli* SSB possibly affecting the orientation of the protein--DNA complex upon binding mica. The relative abundance of single-wrapped and double-wrapped species, as well as potential interconversion between the forms, may depend on solution conditions such as Mg^2+^ ion and salt concentration. Nevertheless, the differential presentation at 100 mM NaCl of mtSSB--DNA with mainly single DNA wraps and *E. coli* SSB--DNA with mainly double DNA wraps is intriguing. Also, cross-sectional analysis of DREEM images reveals different spacing of DNA on the two proteins. The edge-to-edge distances for *one* strand of ssDNA wrapped around mtSSB (5.1 ± 1.1 nm, mean ± SD, *N* = 50) and *E. coli* SSB (5.2 ± 1.3 nm, *N* = 21) were comparable (Figures [8C](#F8){ref-type="fig"} and [9C](#F9){ref-type="fig"}, respectively). However, the edge-to-edge distance for *two* strands of ssDNA around mtSSB (11.1 ± 2.4 nm, *N* = 9) was significantly (*P* \< 0.05) wider than what was observed for *E. coli* SSB (7.5 ± 1.9 nm, *N* = 39). This difference suggests that mtSSB--DNA complexes may be structurally distinct from the more tightly wrapped *E. coli* SSB-DNA complexes. The crystal structure of a chymotryptic fragment of *E. coli* SSB bound to two (dC)~35~ molecules (PDB ID: 1EYG) reveals extensive wrapping of ssDNA on the surface of the SSB tetramer ([@B65]). Availability of a crystal structure for human mtSSB bound to ssDNA will help to determine whether the wider separation of 90-nt ssDNA strands seen in DREEM images (Figure [8](#F8){ref-type="fig"}) are caused by random positioning of excess length during sample deposition or by specific protein--DNA interactions.

![DREEM imaging shows wrapping paths of a 90-nt ssDNA oligomer around mtSSB. Samples containing 80 nM mtSSB and 159 nM 90-nt ssDNA were incubated for 10 min at 37°C in Incubation Buffer containing 20 mM HEPES (pH 7.5) and 100 mM NaCl and imaged in AFM Imaging Buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM Mg(OAc)~2~ as described in 'Materials and Methods' section. AFM topography (left panels) and DREEM phase (right panels) images of mtSSB (*N* = 59) show (**A**) one strand (85%) or (**B**) two strands (15%) of ssDNA crossing the face of the mtSSB tetramer. DREEM-based cartoon models of mtSSB--DNA complexes depict mtSSB in red and the 90-nt ssDNA in yellow. (**C**) Cross-sectional analysis of the edge-to-edge distance for one strand (top panel) or two strands (bottom panel) of ssDNA. DNA edges are identified at half maxima of the DNA DREEM signal (blue circles). X-Y scale bar = 25 nm.](gky875fig8){#F8}

![DREEM imaging shows wrapping paths of a 90-nt ssDNA oligomer around *Escherichia coli* SSB. Samples containing 80 nM *E. coli* SSB and 159 nM 90-nt ssDNA were incubated for 10 min at 37°C in Incubation Buffer containing 20 mM HEPES (pH 7.5) and 100 mM NaCl and imaged in AFM Imaging Buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM Mg(OAc)~2~ as described in 'Materials and Methods' section. AFM topography (left panels) and DREEM phase (right panels) images of *E. coli* SSB (*N* = 60) show (**A**) one strand (35%) or (**B**) two strands (65%) of ssDNA crossing the face of the *E. coli* tetramer. DREEM-based cartoon models of *E. coli* SSB--DNA complexes depict *E. coli* SSB in green and the 90-nt ssDNA in yellow. (**C**) Cross-sectional analysis of the edge-to-edge distance for two strands (top panel) or one strand (bottom panel) of ssDNA. DNA edges are identified at half maxima of the DNA DREEM signal (blue circles). X-Y Scale bar = 10 nm.](gky875fig9){#F9}

DISCUSSION {#SEC4}
==========

SSB proteins are ubiquitous in nature and exhibit an assortment of different oligomeric structures and interactions with other proteins ([@B66]). The *E. coli* SSB is the bacterial prototype, and it shares significant sequence and structural homology with mtSSB. *Escherichia coli* SSB is a stable homotetramer composed of four 19 kDa monomers, each with an N-terminal oligonucleotide binding domain and an intrinsically disordered linker (IDL) region terminating in an unstructured C-terminal tail ([@B66]). ssDNA winds around *E. coli* SSB tetramers at low protein/DNA ratios ([@B57],[@B67],[@B68]), and ssDNA contacts all four subunits when the tetrameric core is fully wrapped by 65 nt in the (SSB)~65~ binding mode ([@B56],[@B65]). Binding ssDNA in the (SSB)~65~ mode is not highly cooperative ([@B55]), and the (SSB)~65~ binding mode is thought to facilitate diffusion along ssDNA ([@B69],[@B70]). *Escherichia coli* SSB also adopts a highly cooperative (SSB)~35~ DNA binding mode in which only two subunits make direct contact with 35 nt of ssDNA ([@B65],[@B66]). The crystal structure of *E. coli* SSB bound to two (dC)~35~ molecules suggests a structural basis for the different binding modes ([@B65]). Many factors contribute to the transition between these two DNA binding modes. Transitions can be modulated *in vitro* by altering protein/DNA ratios and the concentration of mono- and multi-valent cations ([@B56],[@B68]), and negative cooperativity among the subunits within an individual *E. coli* SSB tetramer contributes to the transition between the (SSB)~35~ and (SSB)~65~ DNA binding modes ([@B71]). The C-terminal tail is required to effect rapid transitions between the two major binding modes of *E. coli* SSB ([@B72]), and the length and conformation of the IDL between the oligonucleotide binding domain and the C-terminal portion of SSBs have recently been proposed to modulate cooperative binding to ssDNA ([@B73]).

Early electron micrographs showed a random distribution of mtSSB tetramers bound to individual strands of poly(dT), which suggested low cooperativity of DNA binding for mtSSB ([@B37]). Mikhailov and Bogenhagen also obtained hints that mtSSB did not bind DNA cooperatively *in vitro* when they demonstrated that oligo(dT)~80~ binds two tetramers of *X. laevis* mtSSB or *E. coli* SSB *in vitro*, and that heterologous double complexes are created by random selection of SSB tetramers from mixtures of *X. laevis* mtSSB and *E. coli* SSB. The absence of a preference for binding either two *X. laevis* mtSSB tetramers or two *E. coli* SSB tetramers implies no cooperative advantage for binding the second tetramer to oligo(dT)~80~ ([@B27]). In our study, we utilized AFM and DREEM imaging to compare binding of *E. coli* SSB and human mtSSB to a variety of DNA substrates. AFM imaging revealed a random DNA binding pattern for human mtSSB bound to M13mp18 ssDNA over a range of protein/DNA ratios (Figure [3](#F3){ref-type="fig"}). *Escherichia coli* SSB exhibited a similarly random binding pattern, although a minor fraction of molecules formed nucleoprotein filaments with M13mp18 ssDNA at physiological salt concentrations (Figure [4](#F4){ref-type="fig"}). Both proteins formed these structures more readily at 20 mM NaCl ([Supplementary Figures S4 and 5](#sup1){ref-type="supplementary-material"}), but the higher incidence and greater length of *E. coli* SSB-M13mp18 DNA filaments suggests additional factors are affecting cooperative DNA binding of these proteins. Comparing the crystal structures of *E. coli* SSB and human mtSSB revealed a common core structure but also suggested that cross-species heterotetramers cannot form due to crucial differences in the dimer-dimer interface ([@B74]). Also, human mtSSB does not exhibit negative inter-subunit cooperativity that is essential for *E. coli* SSB to transition to a highly cooperative DNA binding mode ([@B31]). Human mtSSB lacks the acidic C-terminal tail that is present *in E. coli* SSB, but it contains two stretches (residues 1--9 and 55--59) that are disordered in the mtSSB crystal structure and missing in *E. coli* SSB ([@B15],[@B30]). The notion that the C-terminal tail of *E. coli* SSB regulates cooperative binding to ssDNA ([@B73]) raises the obvious possibility that the absence of the C-terminal tail in mtSSB may help to explain the lack of highly cooperative DNA binding. Collectively, these studies support our observations that mtSSB does not bind ssDNA in a highly cooperative fashion.

Understanding the roles and interactions of mtSSB with binding partners at the mtDNA replication fork is essential to understanding the mechanisms governing maintenance of the mitochondrial genome. The crystal structure of full-length *E. coli* SSB reveals that the disordered C-terminal domain extends laterally away from the DNA-binding domains ([@B75]), and this C-terminal acidic tail is known to facilitate recruitment of protein binding partners *in vivo* ([@B69],[@B72],[@B76]). For example, the C-terminal tails in (SSB)~65~ binding mode stimulate RecA filament elongation reactions ([@B69],[@B70]). Extending similar logic, the absence of a homologous C-terminal tail in mtSSB predicts limited opportunities for mtDNA replication to include certain recombination and repair pathways seen in the *E. coli* system. A recent report described the kinetics and thermodynamics of human mtSSB binding to ssDNA ([@B31]). Similar to *E. coli* SSB, mtSSB exhibits rapid, high-affinity binding to dT~30~ and dT~60~ homo-oligomers, and equilibrium titration experiments suggested the DNA binding site size is modulated by Mg^2+^ ion and NaCl concentrations. Although their data support a single DNA binding step, measurements at extreme mtSSB/dT~60~ and dT~60~/mtSSB ratios in the presence and absence of Mg^2+^ ions permitted refinement of their kinetic scheme to include a transient complex of mtSSB and frayed oligo(dT)~60~. This intermediate can disassociate or rapidly progress to a more fully wrapped state, or mtSSB can switch directly to a second molecule of dT~60~ without disassociation. In this model the wrapping reaction is slightly favored, and isomerization increases the population of complexes in the mtSSB-partially frayed dT~60~ state, which may facilitate sliding and strand transfer by mtSSB ([@B31]). Another recent report described use of an optical tweezer instrument to characterize the elastic and energetic properties of mtSSB binding to pre-existing stretches of ssDNA and to ssDNA intermediates generated during DNA synthesis *in vitro* ([@B77]). Two DNA binding modes (low and high site sizes) are exhibited when mtSSB binds pre-formed ssDNA molecules under tension, and site-size is modulated by the concentration of mtSSB and NaCl. However, only the smaller site-size binding mode (34--54 nt/tetramer) is evident when binding ssDNA generated during DNA synthesis at ∼30 nt/s by bacteriophage Phi29 DNA polymerase-helicase. The authors conclude that unidirectional, gradual release of ssDNA during DNA synthesis is key to determining the DNA wrapping mode of mtSSB along nascent ssDNA, and they suggest that proper selection of the binding mode is crucial to facilitate subsequent DNA transactions *in vivo*.

We wish to compare the SSB proteins of human mitochondria and the plastid-like organelle of the malaria protozoan *Plasmodium falciparum. P. falciparum* possesses a single, essential apicoplast organelle that contains an ∼35 kb covalently-closed circular DNA genome ([@B78]). Among the nuclear-encoded proteins that are transported into the organelle to maintain apicoplast DNA is a homotetrameric *P. falciparum* SSB (*Pf-*SSB) ([@B79],[@B80]). *Pf*-SSB is structurally similar and highly homologous to *E. coli* SSB, and it also possesses an unstructured, acidic C-terminal tail that may facilitate interactions with other DNA metabolizing enzymes ([@B80]). The crystal structure of *Pf*-SSB bound to two (dT)~35~ molecules indicates that ssDNA wraps completely around the tetramer, similar to the topology of the *E. coli* (SSB)~65~ binding mode, but the polarity of bound DNA and the specific amino acid contacts are different than observed in the *E. coli* SSB structure ([@B80]). In addition, DNA binding by *Pf*-SSB is not highly cooperative, and *Pf*-SSB exhibits only a single DNA binding mode with ssDNA fully contacting all four subunits and a binding site size of 52--65 nt/tetramer ([@B81]). *Pf*-SSB does not transition to a highly cooperative (SSB)~35~ DNA binding mode seen in *E. coli* SSB, and it does not exhibit negative intra-tetramer cooperativity for binding a second (dT)~35~ molecule ([@B81]). Loss of a tetramer-tetramer interface in neighboring unit cells of the *Pf*-SSB protein crystals may be consistent with this failure to transition to a more cooperative DNA binding mode ([@B80]). Lohman and co-workers suggest these basic differences between *Pf*-SSB and *E. coli* SSB may reflect specific functions of *Pf*-SSB in the apicoplast ([@B81]). Given the functional similarities of *Pf*-SSB and mtSSB and the common organellar niche, we speculate that *Pf*-SSB may be more similar to mtSSB than to *E. coli* SSB. Future efforts to visualize ssDNA wrapping around *Pf*-SSB tetramers by AFM and DREEM would inform this comparison.

The distributive binding of ssDNA by mtSSB carries implications for the maintenance of mtDNA. Falkenberg and co-workers performed ChIP-seq with antibodies specific for human mtSSB to determine the *in vivo* occupancy of mtSSB along the mitochondrial genome of isolated HeLa cell mitochondria ([@B82]). Analysis of recovered ssDNA by strand-specific next generation sequencing revealed a striking strand bias with mtSSB predominantly bound to the parental heavy strand, which is displaced during the strand displacement mode of mtDNA synthesis. Strand-specific occupancy of the heavy strand in a gradient from a position just downstream from the D-loop and extending to OriL strongly supports the strand displacement model of mtDNA replication ([@B83]). The natural abundance of mtSSB in cultured HeLa cells should be sufficient to saturate the mitochondrial genome *in vivo* ([@B82],[@B84]), however ChIP-seq with antibodies against mtSSB cannot differentiate complete or incomplete occupancy of displaced ssDNA by mtSSB. Any resulting gaps distributed along the displaced heavy strand would be subject to forming secondary structures that could promote mtDNA deletions driven by primer relocation events. In fact, addition of *E. coli* SSB helps to minimize deletion mutagenesis artifacts during *Taq* DNA polymerase chain reactions *in vitro*, and explanations for this effect explicitly include the ability of SSB to melt template secondary structure and to prevent inappropriate primer relocation events ([@B85]). Given that mtDNA deletions predominantly occur within the zone of the displaced heavy strand ([@B86]), we hypothesize that non-cooperative DNA binding by mtSSB fosters deletion mutagenesis in human mtDNA during strand displacement mtDNA replication *in vivo*. Relatedly, incomplete occupancy of single-stranded mtDNA intermediates because of distributed binding by mtSSB would leave the mitochondrial genome vulnerable to chemical mutagenesis or even destruction due to persistent strand breaks.
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